The human transcription factor, UEF3, is important in regulating the activity of the urokinase plasminogen activator (uPA) gene enhancer. The UEF3 DNA target site is a regulatory element in the promoters of several growth factor and protease genes. We reported previously that purified UEF3 is a complex of several subunits. In this paper we report the cloning of the cDNA of one of the subunits which encodes for a novel human homeodomain protein, which we have termed Prep1. The Prep1 homeodomain belongs to the TALE class of homeodomains, is most closely related to those of the TGIF and Meis1 proteins, and like these, recognizes a TGACAG motif. We further identify the other UEF3 subunit as a member of the Pbx protein family. Unlike other proteins known to interact with Pbx, Prep1 forms a stable complex with Pbx independent of DNA binding. Heterodimerization of Prep1 and Pbx results in a strong DNA binding affinity towards the TGACAG target site of the uPA promoter. Overall, these data indicate that Prep1 is a stable intracellular partner of Pbx in vivo.
Introduction
Transcriptional regulation of extracellular proteases is in general a tightly controlled, and highly inducible, process. Urokinase plasminogen activator (uPA) is a serine protease and a key enzyme in the proteolytic cascade leading to fibrin degradation (Besser et al., 1996) . uPA is constitutively expressed in murine extra-embryonic tissue at the post-blastocyst stage, in embryonic and adult kidney and in the lung (Teesalu et al., 1996) , and urokinase synthesis is induced by a variety of factors in most cells both in vivo and in vitro (Besser et al., 1996) . Transcription of the uPA gene depends on the activity of an enhancer located 2000 bp upstream of the transcriptional start site, requiring the co-operation of binding sites for three transactivator proteins: a combined PEA3-AP-1a and a downstream AP1b site (Verde et al., 1988; Rørth et al., 1990; Nerlov et al., 1991 Nerlov et al., , 1992 . The transactivator proteins ets-2 (Stacey et al., 1995) , Atf2-c-jun and c-jun-c-jun or c-junc-fos (De Cesare et al., 1995) bind to these sites to activate transcription. Co-operation between these three transactivators is essential for enhancer function, and requires a 72 bp region, spanning from PEA3-AP-1a to the AP-1b site, termed COM for co-operation mediating (Nerlov et al., 1992) . Several nuclear proteins (urokinase enhancer factors: UEF-1 to 4) recognize partially overlapping binding sites in the COM region (Nerlov et al., 1992; De Cesare et al., 1996) . The UEF3 binding site exists not only in the urokinase COM sequence, but also in the promoters of cytokine and chemokine genes, such as interleukin 3, LD78/MIP-1a, GM-CSF, of other protease genes, such as stromelysin (Berthelsen et al., 1996; De Cesare et al., 1997) , and of the murine intracisternal A-particle (IAP) LTR (Basu et al., 1997) . All these genes undergo transcriptional activation by a variety of inducers, including the phorbol ester TPA, and contain AP-1 and PEA3 sites in their regulatory regions. We demonstrated previously that the purified UEF3 factor also binds to the homologous motives of the IL-3 and LD78/MIP-1α promoter (Berthelsen et al., 1996) . In the uPA enhancer, a mutation specifically destroying the UEF3 binding site, weakens the response of the enhancer to TPA (Nerlov et al., 1992; De Cesare et al., 1996) . UEF3 specifically recognizes a TGACAG core sequence, and forms two retarded complexes in a electrophoretic mobility shift assay (EMSA) . Purification of these complexes shows that each share a common 64 kDa protein. In addition, they contain a protein of either 50 or 40 kDa (Berthelsen et al., 1996) .
In this paper, we report the cloning of the cDNA encoding the 64 kDa subunit common to both complexes of UEF3, named Prep1, a novel homeodomain-containing, DNA-binding protein. The Prep1 homeodomain is structurally related to the PBC homeodomain class, contains an isoleucine residue in the third position of the conserved WF_N sequence in the homeodomain and displays a weak but specific affinity for the TGACAG sequence of the uPA promoter. The Prep1 homeodomain shows highest homology to the murine proto-oncogenic Meis protein family and to human TGIF. In addition, we also demonstrate that the 40 and 50 kDa subunits of HeLa-purified UEF3 complexes are products of the Pbx gene family, Pbx1b and Pbx2. These data suggest that intracellular stable Prep1-Pbx complexes exist in vivo. We also show the in vitro reconstitution of these complexes and the effect of Prep1 in modifying the affinity and DNAbinding specificity of Pbx: hence the name Prep1, for Pbx regulating protein 1. The Pbx-Prep1 complex displays strong affinity for the TGACAG motif by which it was purified, a target sequence also bound by the TGIF protein.
In contrast to other homeodomain proteins known to interact with Pbx, Prep1 forms a strong and stable complex with Pbx independent of DNA binding, and does not contain the conserved YPWMX, or similar amino acid motif, required for the interaction of Hox proteins with From the originally obtained peptide sequence of Prep1 (p64-pep1), we designed two degenerate primers, 64pep1-F1 and 64pep1-R, corresponding to the flanking ends of p64-pep1, and used these to amplify the 50 bp cDNA fragment encoding for p64-pep1 by RT-PCR. A new primer, 64pep1-F2, identical to the middle part of the 50 bp fragment, was used together with an 'anchor' primer identical to an anchor sequence in the dT-primer used to prime the cDNA synthesis, in a 3Ј-RACE protocol. The resulting 180 bp fragment (primed from F2 and an internal poly(A) stretch) was used to screen a HeLa cDNA phage library. The longest clone from this screening was 2.1 kb long, but lacked the most 5Ј of the ORF and 5ЈUTR sequences. An additional five screenings of five different cDNA phage libraries failed to reveal clones with intact 5Ј. We therefore used a modified 5Ј-RACE protocol, using primers LDR1 and -2, to clone the remaining 5Ј 150 bp. The integrity of the whole cDNA was accessed by PCR on single-strand cDNA using primers LDF and a downstream primer complementary to the most 3Ј sequence. (B) DNA sequence of Prep1 cDNA and extrapolated amino acid sequence of the 1308 bp ORF. The single letter code is employed. The underlined sequence shows the amino acid sequence of Pep1 originally obtained from the purified p64 protein band of UEF3 (Berthelsen et al., 1996) . (C) Amino acid homologies with the Prep1 homeodomain. Amino acid identity with respect to Prep1 is indicated by (-) . Residue identities and similarities of the different homeodomain with respect to Prep1 are indicated as an absolute number (in bold) and in percentage (in brackets). Besides Meis1 and MRG2, the other proteins showed is no significant homology with Prep1 outside of the homeodomain. The following accession numbers or references were used: MRG2:U68285; Meis1:U33629; TGIF:X89750; KN-1:X61308; Exd:L19295; Pbx1:M86546; Matα2:P01367; Hox consensus sequence as compiled (Burglin, 1994) . A sequence, termed Pknox1, encoding for a protein identical to Prep1, has recently been published as a gene mapping to chromosome 21 (U68727) (Chen et al., 1997) . (D) Alignment of full-length Prep1 and Meis1, showing the conserved positions of three homologous regions: (HR1 and HR2), homology region 1 and 2; and (HD), the homeodomain. Below: sequence alignments of HR1 and HR2. Residue identities between Prep1 and Meis1 are indicated by (-) . All Meis family proteins contain these homology regions. Outside HR1, HR2 and HD there is no significant homology between the two proteins.
Pbx. Based on these data, we therefore propose that Prep1 is an intrinsic partner for Pbx protein function.
Results
Prep1 belongs to the PBC-like class of homeodomain proteins with extended homology to the murine proto-oncogene Meis1 UEF3 consists of three subunits, p64, p50 and p40. In a previous study, upon purification of UEF3 from HeLa cells, we obtained a peptide sequence from the p64 subunit (p64pep1, Berthelsen et al., 1996) . Using this 17 amino acid sequence, we generated a DNA probe of 180 bp by RT-PCR ( Figure 1A ; see Materials and methods) using as a template poly(A) ϩ RNA from HeLa cells. This probe was used to screen a HeLa cell cDNA library, which, together with a final 5Ј-RACE screening, led to the isolation of a 2.2 kb cDNA clone for Prep1. As shown in Figure 1B , the cDNA clone contains 126 nucleotides of a 5Ј-untranslated sequence, after which an ATG codon is followed by an uninterrupted ORF of 1308 nucleotides, coding for a predicted 436 amino acid residue polypeptide, including the 17 residues sequenced originally (Berthelsen et al., 1996) . After the stop codon, the clone continues with Ͼ1000 bp of a 3Ј-untranslated sequence. An homo-logy search in the DDBJ/EMBL/GenBank and NCBI data banks revealed Prep1 as a novel protein with the 60 amino acids from residues 257-317 being a typical homeodomain. The Prep1 homeodomain resembles those of the divergent TALE class of homeodomain proteins which includes the PBC class, KN-1 and MATα2 proteins ( Figure 1C ), and is characterized by a conserved insertion of three amino acids between helix 1 and 2 (Burglin, 1994) . The Prep1 sequence has 14/60 identical residues with the homeodomain consensus (Burglin, 1994) , 14/60 with the yeast Matα2 protein, 21/60 with Pbx-exd and 30/60 with plant KN-1. The highest homologies are found with the homeodomain of Meis1 (44/60), its related human and murine homologues MRG2 (45/60), and the human TGIF protein (31/60). Meis1 is a murine oncogenic protein involved in murine lymphoma formation (Moskow et al., 1995) , while TGIF is a repressor of RXR-dependent activation in several promoters (Bertolino et al., 1995) . The homology of Prep1 with Meis1 is spread all over the homeobox, but is mainly concentrated (16/18 residues) in helix 3, i.e. the DNA-recognition helix. Finally, in Prep1 the third position of the conserved WF_N sequence contains an isoleucine (as in KN-1, Meis1 and TGIF), while PBC proteins contain a glycine and the Hox consensus a glutamine. The amino acid present in this position has been shown to be important in determining the DNAbinding sequence specificity (Treismann et al., 1989) ; thus Prep1 and PCB proteins may have different DNA specificity. Outside the homeodomain two Prep1 regions of 22 and 40 amino acids, respectively HR1 and HR2, display strong homology to similar regions in Meis-related proteins ( Figure 1D ). In addition, the position of HR1 and HR2 relative to the homeodomain is conserved between Prep1 and Meis proteins. These regions are not found in any of the other proteins listed in Figure 1C , while the dbEST database at NCBI contains several EST sequences containing HR1 and/or HR2 homologies. Prep1, however, is not the human homologue of Meis proteins, as we have also cloned a murine homologue of Prep1 which shows 100% homology in the homeodomain (Ferretti, Schulz, Blasi and Berthelsen, unpublished) .
There is an apparent discrepancy between the observed molecular mass of Prep1 purified from HeLa cells (64 kDa) and the cDNA ORF sequence which suggests a protein of 436 residues, corresponding to 49 kDa. To investigate this point, the cDNA of Prep1 was cloned downstream of bacterial T7 promoter (pBS-Prep1), transcribed in vitro, and the RNA translated in vitro using rabbit reticulocyte lysate. As shown in Figure 2A , the protein band obtained migrates with an apparent molecular mass of 64 kDa. The additional 40 kDa band (*) appears to be due to the utilization of an internal ATG codon at position 731 in the cDNA, as shown by site-directed mutagenesis (data not shown). The apparent molecular mass of 64 kDa for Prep1 was confirmed by transient transfection of NIH 3T3 cells with a construct containing the Prep1 cDNA driven by a eukaryotic promoter (pBOSPrep1). Immunoblotting experiments with anti-Prep1 antibodies ( Figure 2B ) showed a weak band of~64 kDa in the nuclear extract of untransfected NIH 3T3 cells, co-migrating with that of HeLa cells. NIH 3T3 cells transfected with pBOSPrep1 plasmid showed an increase in the appearance of the same band in the nucleus but, interestingly, most of the exogenous protein remained in the cytoplasm.
As a final test of the presence of the Prep1 product in UEF3, we used an anti-Prep1 serum raised against a GSTPrep1 fusion protein, and tested its effect on the DNAbinding activity of UEF3 in crude nuclear extract. As shown in Figure 2C , the addition of Prep1 antiserum strongly and specifically inhibited the formation of both bands of UEF3 while pre-immune serum had no effect. From all these data, we conclude that Prep1 cDNA does indeed code for the 64 kDa subunit of both complexes of UEF3.
Prep1 is a DNA-binding protein with specificity for the TGACAG sequence
To investigate the DNA-binding capacity of Prep1, we tested the DNA-binding activity of a recombinant, bacterially expressed GST-Prep1 fusion protein with a labelled DNA sequence from the human urokinase gene containing a TGACAG motif that specifically binds the UEF3 factor (Berthelsen et al., 1996) , (o-1 oligonucleotide). Figure 3 shows the comparison between the binding of the HeLa cells nuclear extract (NE) and the purified recombinant protein (GST-Prep1). By EMSA, the nuclear extract gave two bands which were specifically competed by unlabelled o-1, but not by the mutated o-1m oligonucleotide (see Materials and methods). The GST-Prep1 protein preparation gave rise to two slower migrating bands (possibly due to the presence of the GST tail) which were specifically competed by unlabelled o-1, not by o-1m, oligonucleotide. Binding of the recombinant protein to o-1 was specific, as no activity was found with the GST control. These results indicated that the recombinant Labelled o-1 oligonucleotide was incubated with either 10 μg of HeLa crude nuclear extract (NE), or 100 ng of purified recombinant GST-Prep1 fusion protein, or a combination of both (NEϩGST-Prep1). As a control we included purified recombinant GST protein (GST) and the combination of nuclear extract and recombinant GST (NEϩGST). DNA-binding specificity was tested by competing with unlabelled o-1 or mutated o-1 (o-1m) oligonucleotides, at 50-and 500-fold molar excess over labelled oligonucleotide.
Prep1 bound specifically to the same sequence as the HeLa cell UEF3 factor, but with an apparently lower affinity, as high concentrations of GST-Prep1 are necessary for binding, and higher concentrations of unlabelled o-1 oligonucleotide are required to compete for binding. When we added the recombinant protein to the nuclear extract (NEϩGST-Prep1 in Figure 3 ), the binding pattern was the sum of that obtained with the nuclear extract and the recombinant protein, separately. The presence of the recombinant protein reduced the binding by the nuclear extract, while the control GST had no effect.
We have shown previously, using mutation analysis and methylation interference analysis, that UEF3 preferentially binds the TGACAG core motif (Berthelsen et al., 1996) . The data in Figure 3 thus indicate that the Prep1 component of UEF3 is sufficient for specific recognition of the TGACAG motif, and suggest that the p50 and p40 subunits may be important in raising the binding affinity. In several cases, heterodimerization of homeodomain proteins increases DNA-binding affinity (Vershon, 1996) . Interestingly, the TGIF protein, which contains a homeodomain highly homologous to Prep1 and almost identical in the third helix ( Figure 1C ), has been found by PCR-mediated binding site selection to bind to a TGACA A / G motif, identical to the UEF3 binding site (Bertolino et al., 1995) . This type of recognition sequence is seen rarely for homeodomains, thus Prep1, TGIF, Meis1 (Chang et al., 1997) and similar homeodomains may constitute a novel class of homeodomains recognizing this type of binding motif.
The 40 and 50 kDa subunits of UEF3 complexes are members of the Pbx protein family Active transcription factor UEF3 has been purified from HeLa nuclear extracts by employing a variety of column chromatography procedures, including DNA-affinity chromatography. The two complexes of UEF3, UC and LC, co-purify throughout the purification procedure, but could be partially separated by a final Mono-S chromatography. Such purified preparations analysed by SDS-PAGE, displayed two bands: a common 64 kDa band (Prep1) and either a p40 or a p50 polypeptide, respectively (Berthelsen et al., 1996) . We set out to determine the nature of the p40 and p50 bands. As discussed above, since Prep1 is a homeodomain protein, its partners in the UEF3 complexes might be other similar homeodomain proteins. We noticed that the molecular weights of p40 and p50 were compatible with those of members of the Pbx family. To investigate this possibility, we performed immunoblotting experiments with anti-Prep1 and different anti-Pbx antibodies using both a crude nuclear fraction of HeLa cells and purified UEF3 containing the p64, p50 and p40 polypeptides. Overall, anti-Prep1 antibodies detected the 64 kDa band from both fractions, while anti-Pbx antibodies recognized the 50 and 40 kDa bands ( Figure 4A ). In particular, antibodies specific for Pbx1 identified the p40 band in the purified UEF3 preparation, corresponding in size with the Pbx1b splice variant. Additional bands were detected in the crude extract. Antibodies specifically reactive with the 50 kDa splice-variant product of all Pbx family genes (αPbx1/2/3) or with αPbx2 only, recognized the p50, and not the p40, band in both purified and crude preparations. Antibodies to Pbx3 did not react with either fraction. Overall these results indicate that the two complexes of HeLa UEF3 are heterodimers of Prep1 with either Pbx2 or Pbx1b.
We tested the same antibodies in DNA-binding assays using crude UEF3 ( Figure 4B ). In EMSA, formation of both UC and LC complexes was abolished by anti-Prep1 antibodies. Incubation with anti-Pbx1 supershifted all LC but not UC, while αPbx2 or αPbx1/2/3 inhibited DNA binding of UC only. Both αPbx3 and pre-immune sera had no effect. Overall, these data confirm that crude UEF3 from HeLa cells contains Prep1 complexed with either Pbx1b or Pbx2, and that the migration of the two complexes seen by EMSA is in agreement with the size of the Prep1-associated Pbx subunits.
Association with Pbx increases the affinity of Prep1 for DNA
In view of the difference in DNA-binding affinity of recombinant Prep1 versus UEF3, heterodimerization with Pbx might lead to increased DNA-binding affinity. To test for this possibility, we carried out DNA-binding studies with in vitro translated products of the Prep1, Pbx1a and Pbx2 cDNAs, using oligonucleotide o-1 as the binding site. In vitro translated Prep1, Pbx1a, Pbx1b or Pbx2 did not give rise to any retarded complex in EMSA when translated individually ( Figure 5A and B). However, retarded bands were observed when Prep1-Pbx1b, Prep1-Pbx2 and also Prep1-Pbx1a were co-translated. In contrast, mixing singly translated Prep1 and Pbx proteins did not lead to efficient DNA binding (not shown). Thus, cotranslation of Prep1 with one of the Pbx proteins led to the reconstitution of the high-affinity DNA-binding UEF3 complex. The migration of the retarded complexes again agreed with the size of the Pbx subunits. The in vitro data show that co-translation of Prep1 with Pbx1a or Pbx2 (both 50 kDa polypeptides) gave raise to the UC slowmigrating complex of UEF3 (UC), while Prep1 and Pbx1b (40 kDa) gave raise to the fast migrating complex, LC. The complexes exhibited the same DNA-binding specificity, as shown by the specific competition with excess unlabelled UEF3 binding site ( Figure 5B , lanes 1-3 versus lanes 4-6). Thus, co-translated Prep1-Pbx displays co-operative DNA binding to the TGACAG motif and DNA-binding specificity indistinguishable from crude and purified UEF3. Importantly, co-translation of Prep1 and one of the Pbx family members was sufficient to reconstitute UEF3 binding activity in vitro.
Prep1 and Pbx form a strong DNA-independent complex
The co-purification of Prep1 and Pbx subunits of UEF3 throughout several chromatographic steps (Berthelsen et al., 1996) , the composition of the individual EMSA complexes, the need for co-translation in order to reconstitute DNA binding in vitro and the effect of specific antibodies on DNA binding of crude UEF3, indicate that a Prep1-Pbx complex assembles intracellularly independent of DNA binding. We confirmed this by immunoprecipitation of in vitro translated Prep1 and Pbx1a. As shown in Figure 6 , co-translated Prep1 and Pbx1a were readily co-precipitated, using either anti-Prep1 or antiPbx1 antibodies (lanes 7 and 8); translation of single proteins showed the absence of cross-reactivity of the antibodies (lanes 1-4) . In addition, precipitation of singly translated Prep1 and Pbx1a which were mixed after translation did not lead to co-precipitation (lanes 5 and 6), showing that complex formation only occurs during co-translation, in agreement with DNA-binding experiments (see above). Prep1 and Pbx1a contain comparable amounts of labelled methionine (13 versus 14), and thus the relative intensity of the bands reflects their molar ratio. This experiment therefore shows that all available Pbx1a was complexed with Prep1. Thus, during co-translation, the Prep1-Pbx complex formed highly efficiently in solution, and was resistant to stringent washes (600 mM NaCl) during precipitation. In vitro translated Prep1 preparations always contained a 40 kDa truncated product (marked by an *) due to translation from an internal ATG codon (see Figure 2 and comments above); this band, however, did not associate with Pbx1a. We conclude that the UEF3 factor must be a Prep1-Pbx complex; our data also indicate that this complex has the properties necessary to exist intracellularly as a stable entity.
Anti-Prep1 antibodies do not cross-react with Meis1
A recent paper shows that Meis1 interacts with Pbx proteins, and that Meis1-Pbx complexes can be detected in the nuclear extracts of several cell lines (Chang et al., 1997) . Since Prep1 and Meis1 share three short homologous domains ( Figure 1D ), we tested whether the antiPrep1 polyclonal antiserum, raised against the entire Prep1 protein, was able to cross-react with the Meis proteins. Prep1 and Meis1a were produced by in vitro translation (Figure 7 , I.T., lanes 1,2). The proteins were then subjected to either immunoblot analysis (I.B., lanes 3-5) or to immunoprecipitation (I.P., lanes 6-8) using anti-Prep1
antibodies. In immunoblot, faint cross-reacting background bands can be observed in lysates containing Prep1, Meis1 or non-programmed lysate (lanes 3-5). A strong band comigrating with Prep1 can be observed in Prep1-containing lysate only (lane 3), while no band co-migrating with Meis1a can be observed in Meis1a-containing lysate (lane 4). In immunoprecipitation, Prep1 is precipitated by antiPrep1 (lane 6) while Meis1a is not (lane 7). These data show that the anti-Prep1 antibodies are specific for Prep1 and do not cross-react with Meis1 proteins. This is also supported by the observation that anti-Prep1 antibodies do not recognize bands with migration-rates corresponding to Meis proteins, in immunoblot analysis on extracts from HeLa or NIH 3T3 cells (see Figures 2B and 4A ).
Discussion

Prep1 is a novel homeodomain protein
We have identified a novel homeodomain protein component of the UEF3 DNA-binding activity. The protein has been named Prep1 for Pbx regulating protein-1. UEF3 is a transcription factor binding to the TGACAG core motif of the human and murine urokinase enhancer, located within a 17 bp sequence (uCOM) which is essential for enhancer function (Nerlov et al., 1992; Berthelsen et al., 1996) . Yet, the uCOM sequence cannot substitute for the enhancer and does not mediate transactivation, but appears to allow the co-operation of two flanking transactivators (De Cesare et al., 1996) . In this paper, we have reported the cloning of the novel homeodomain protein, Prep1, which is part of the transcription factor UEF3. In nuclear extracts UEF3 forms two retarded bands in EMSA, named upper (UC) and lower complex (LC), when assayed with the oligonucleotide (o-1) containing the TGACAG motif of the human urokinase enhancer. Mutation of this sequence together with methylation interference data have shown that the upper and lower complexes have the same DNA specificity, recognizing the sequence TGACAG present in and important for the activity of the urokinase enhancer (Nerlov et al., 1992; Berthelsen et al., 1996; De Cesare et al., 1996) . During purification, the two complex-forming activities remain together through five subsequent chromatographic procedures involving ion exchange, heparinaffinity and DNA-affinity chromatography, but can be separated somewhat in the last stage by Mono-S ion exchange chromatography. The two complexes share a 64 kDa band and, in addition, UC contains a 50 kDa polypeptide, while LC contains a 40 kDa polypeptide (Berthelsen et al., 1996) . In this paper we report the cloning of the cDNA for the common 64 kDa protein (Prep1), the identification of the 40 and 50 kDa subunits and also demonstrate their functional interaction. Prep1 cDNA encodes a novel protein of 436 amino acid residues containing a homeodomain resembling structurally those of the PBC class of divergent homeodomains, a group comprising human and murine Pbx family, the Drosophila Exd and the Caenorhabditis elegans Ceh-20 1429 Fig. 6 . Prep1-Pbx1a form a DNA-independent complex. Immunoprecipitation of in vitro translated Prep1 (lanes 1-2), Pbx1a (lanes 3-4), Prep1 and Pbx1a mixed after translation (lanes 5-6) or co-translated Prep1-Pbx1a (lanes 7-8). Translation products were precipitated using either anti-Prep1 antiserum (αPrep1, lanes 1, 3, 5 and 7) or anti-Pbx1 antibodies (αPbx1, lanes 2, 4, 6 and 8) and protein A-Sepharose. The precipitates were resolved by SDS-PAGE. A minor product (*) is observed when Prep1 is translated in vitro.
homeodomain proteins, that in turn also share homeodomain homology with the maize KN-1, yeast Matα2 and others (Burglin and Ruvkun, 1992) . The highest homeodomain homology was found with members of human, murine and Xenopus Meis proto-oncogene family, and with human TGIF. In addition, Prep1 contains two short regions, HR1 and HR2, which display strong homology with all members of the Meis protein family.
Prep1 displays a specific, albeit low, affinity for the TGACAG motif which is identical to that bound by human TGIF (Bertolino et al., 1995) . Prep1, TGIF and Meis1 are almost identical in the third helix of their homeodomains, that is, DNA recognition, and in particular they have a isoleucine at the third position of the highly conserved homeodomain motif, WF_N_N, of the third helix. Isoleucine is rarely found at this position in homeodomains (Burglin, 1994) , although searching the EST database at NCBI revealed numerous different EST sequences from yeast to human which contain homeodomains with a third helix that is highly similar to that of Prep1 and with isoleucine in this third position. Thus, Prep1, TGIF and Meis1 represent a novel emerging subclass of homeodomains that shows binding preference for a TGACAGlike motif.
Prep1 cDNA encodes a protein with a calculated molecular mass of 49 kDa, that migrates as a 64 kDa polypeptide in SDS-PAGE. The slow migration of Prep1 possibly results from an intrinsic, SDS-resistant folding of the protein, since the protein migrates much faster in SDS-PAGE in the presence of 8 M urea (data not shown). An antibody raised against recombinant Prep1 is able to specifically inhibit binding of both UEF3 complexes to the o-1 oligonucleotide, proving that Prep1 is part of both complexes, as originally shown by purification (Berthelsen et al., 1996) .
UEF3 complexes are heterodimers of Prep1 and Pbx proteins
Immunoblotting, in vitro co-translation and functional inhibition by specific antibodies have shown that the p40 and p50 subunits of UEF3 purified from HeLa nuclear extract belong to the Pbx family: Pbx2 (50 kDa) and Pbx1b (40 kDa). Because of the composition of the respective polypeptides (Berthelsen et al., 1996) , the UC of UEF3 is composed of Prep1-Pbx2, and the LC is composed of Prep1-Pbx1b. The fact that the proteins copurify through a series of five different chromatographic columns suggests that Prep1 and Pbx are associated in an intracellular complex. In fact, antibodies specific for Prep1 or specific for individual members of Pbx inhibit or supershift binding of UEF3 complexes in EMSA even in crude nuclear extracts.
We are able to reconstitute the DNA-binding activity of UEF3 in vitro, by co-translation of the Prep1 and the Pbx components. The association between the two proteins increases the DNA-binding affinity towards the TGACAG motif strongly, and the reconstituted activity exhibits DNA binding specificity indistinguishable from UEF3. Furthermore, by using the different splice variant products of Pbx1 in association with Prep1 we are able to reproduce the migration of the two UEF3 complexes in EMSA. Overall, Prep1 and Pbx are necessary and sufficient to form the UEF3 activity. So far, no differential function for the various members of the Pbx family has been described. The HeLa cell nuclear extracts from which UEF3 was purified are negative for Pbx3 protein. However, the high similarity between Pbx1, 2 and 3 would also argue that Pbx3 can interact with Prep1, but this is yet to be demonstrated. In this view, the subunit composition of UEF3 in a given cell would depend on, and reflect, the expression of the various genes and splice variants of the Pbx family. Preliminary data from our laboratory seem to support this view (not shown).
Prep1 and Pbx interaction is DNA-binding independent
Pbx and their Drosophila homologue Exd interact with Hox and HOM-C proteins . Although Pbx can interact with various Hox proteins in a yeast two-hybrid analysis, in vitro the interaction seems to occur only in the presence of DNA target (Chang et al., 1995) . Thus, it is not clear whether in vivo Pbx-Exd interacts with the Hox-HOM-C proteins in solution, or whether the interaction only occurs on specific DNA sequences. In vitro data, on the one hand, suggest that DNA binding promotes complex formation. Prep1, on the other hand, forms a strong complex with Pbx in solution independent of DNA binding. All homeodomain proteins known to interact with Pbx contain a conserved pentapeptide sequence YPWMX, or a similar ANW amino acid motif, N-terminal to the homeodomain (Chang et al., 1995 (Chang et al., , 1996 Johnson et al., 1995) . Together with the homeodomain, this motif is essential for the heterodimerization of HOX-HOM-C proteins with Pbx-Exd (Chang et al., 1995 (Chang et al., , 1996 Johnson et al., 1995; Knoepfler and Kamps, 1995; Lu and Kamps, 1996; Lu et al., 1995; Neuteboom et al., 1995; Phelan et al., 1995; van Dijk et al., 1995; Peltenburg and Murre, 1996) . Interestingly, Prep1 does not contain any such motif. In fact, Prep1 does not contain any tryptophan residue N-terminal to the homeodomain. This, together with the strength of the Prep1-Pbx complex, classifies the Prep1-Pbx interaction as different to that of Pbx-HOX, and probably involves structurally different dimerization motives.
It has been reported recently that Meis1-Pbx complexes can be immunoprecipitated from NIH 3T3 extracts, that Meis1-Pbx DNA-binding activities are present in extracts from several cell lines, and can be reconstituted with in vitro translated Meis1 and Pbx1 (Chang et al., 1997) . Moreover, Homothorax has been shown to be the Drosophila homologue of Meis and is able to interact with extradenticle, the Drosophila homologue of Pbx (Rieckhof et al., 1997) . The amino acid sequence of Prep1 and the specificity of anti-Prep1 antibodies show that Prep1-Pbx is a novel intracellular complex, as the DNA-binding activities described in this paper are completely dependent on the presence of Prep1.
Prep1-Pbx complexes are involved in regulating protease and growth factor gene expression UEF3 (i.e. the Prep1-Pbx heterodimers) is known to be involved in regulating the activity of the enhancer of the human urokinase gene. This enhancer requires the cooperative function of three protein-binding sites, a PEA3 (binding ets-2) an octameric CRE-AP-1 site (binding the cJun-ATF2) and a classical heptameric AP-1 site binding cFos-cJun dimers (Nerlov et al., 1992; De Cesare et al., 1995) . Transcription factor UEF3 is one of the factors which allows this co-operation (Nerlov et al., 1992; De Cesare et al., 1996) , although the mechanism remains unknown. UEF3 also binds specifically a negative regulatory element (NIP) of the phorbol ester-responsive stromelysin, interleukin-3, LD78 cytokine and GM-CSF gene promoters and of the murine intracisternal A-particle (IAP) LTR (Berthelsen et al., 1996; De Cesare et al., 1996 . In these genes, the UEF3-binding sequence (TGACAG consensus) has a negative regulatory function and, like in the urokinase gene, resides in the immediate neighbourhood of AP-1 and PEA-3 sites (Nomiyama et al., 1993) . Thus, growth factors or proteases are putative target genes for the Prep1-Pbx complex.
In conclusion, we have uncovered the molecular nature of a transcription factor which co-operates in activating the urokinase enhancer, as well as in the transcriptional regulation of other genes. The demonstration of an interaction between the Hox co-factor Pbx and the novel homeodomain protein Prep1 is of the utmost interest, as the properties of this heterodimer may interfere with the function of Pbx in regulating target selectivity, binding affinity and transcriptional activation of Hox proteins.
Materials and methods
Cloning of p64-Prep1 cDNA A 50 bp fragment corresponding to the originally obtained 17 amino acid peptide sequence of Prep1 (p64-pep1) was found by RT-PCR using the following procedure: first-strand cDNA was prepared from poly(A) ϩ RNA from HeLa cells using a cDNA synthesis kit (Pharmacia) with an anchored poly-dT primer, 5Ј AACTGGAAGAATTCGCGGCCGCAGG- Figure 1A) were used for the amplification. cDNA (10 ng) and 100 pmol of each primer were used in a 50-μl reaction with 0.2 mM dNTP, 1unit Taq polymerase (Boehringer Mannheim) and supplied buffer. The reaction involved 30 cycles of 94°C denaturation for 30 s,
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annealing at 55°C for 1 min followed by extension at 72°C for 30 s. The reaction products were separated on a 4% NuSieve (FMC) agarose gel in 0.5ϫTBE. The expected band of 50 bp was cut out, cloned into pBluescript and sequenced. From the sequence obtained we constructed a nested forward primer, 64pep1-F2 (5Ј CAGCACATCGGGCATCCCTA 3Ј, Figure 1A) , that was used, together with a primer containing a sequence equal to the anchor part of the poly(dT) primer, in a 3Ј-RACE reaction on 10 ng HeLa cDNA as described previously (Frohman et al., 1988) . The 180 bp fragment obtained was used as a probe to screen a HeLa dT-primed cDNA library cloned in the λgt11 vector (Clontech) by hybridization (Sambrook et al., 1989) . Of 500 000 plaques, four positive ones were isolated and sequenced. The longest clone was 2.1 kb.
The 5Ј region of the Pre1 cDNA was found using the Marathon 5Ј RACE protocol (Clontech), following the supplier's manual, and a nested primer set, LDR1 and LDR2.
Homology search
All homology searches in data banks were done using the BLAST e-mail server at NCBI at NIH (blast@ncbi.nlm.nih.gov), employing the Blastn, tblastn and blastp programs.
Purification of UEF3 and recombinant Prep1
As a source of purified UEF3, we used a fraction (fraction 12) containing all three UEF3 co-purifying polypeptides. This fraction was taken after the final Mono-S chromatographic step of the UEF3 purification procedure as described previously (Berthelsen et al., 1996) .
The cDNA insert of a λ-clone of Prep1 lacking the first 10 codons after the ATG initiation codon (see Figure 1A ), was cut out by partial digestion of EcoRI and cloned into the EcoRI site of pGEX2T (Pharmacia) downstream of, and in frame with, the GST gene. The GST-Prep1 fusion protein was expressed in XL-1 blue cells (Stratagene) for 5 h at 37°C by the addition of 0.1 mM IPTG. The cells were washed and lysed by sonication. The fusion protein was purified on GlutathioneSepharose (Pharmacia) according to the manufacturer's instructions.
Transfections and cell extracts
For expression in eukaryotic cells, we cloned the cDNA of Prep1 into the pEF-BOS expression vector (Mizushimi and Nagata, 1990) , between the EcoRI and XbaI sites (pBOS-Prep1). Contact inhibited NIH 3T3 fibroblast cells were grown in DMEM supplemented with 10% newborn calf serum and antibiotics. Cells were transfected with the pBOSPrep1 plasmid by CaPO 4 precipitation in 10 cm dishes. After 48 h the cells were washed with PBS, collected with 100 μl of cold buffer A (10 mM HEPES pH 7.9, 30 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, 0.5 mM PMSF, 1 mM Na 2 S 2 O 5 ) into a microfuge tube on ice, and lysed by the addition of Triton X-100 to a final concentration of 0.3%. The nuclei and cell debris were collected by centrifugation. The supernatant was removed to a new tube, 0.11 vol of buffer B added (0.3 M HEPES pH 7.9, 1.5 M KCl, 15 mM MgCl 2 ) and centrifuged. The resulting supernatant was denoted cytoplasmic extract (CE). Nuclear extract was prepared by resuspending the pelleted nuclei in 60 μl of buffer C [20 mM HEPES pH 7.9, 25% glycerol (v/v), 0.42 M NaCl, 1.5 mM MgCl 2 , 1 mM DTT, 0.5 mM PMSF, 1 mM Na 2 S 2 O 5 ] for 30 min on ice. The extract was cleared by centrifugation.
Antibodies and immunoblotting
Anti-Prep1 rabbit antiserum was produced by immunizing a rabbit with purified GST-Prep1 recombinant protein. GST-Prep1 (2 mg) was used to immunize a rabbit over a period of 4 months, after which the antiserum was taken. IgG was isolated by Protein A chromatography, dialysed and suspended in PBS to a concentration of 10 mg/ml.
Antibodies against PBX proteins were obtained from Santa Cruz Biotechnology. The antibodies αPbx1, αPbx2 and αPbx3 recognize a peptide from the N-terminal of the respective proteins and are typespecific. αPbx1 and αPbx3 will, however, recognize both splice variants of their type. The antibody αPbx1/2/3 recognizes a common C-terminal peptide in all of the 50 kDa splice variants of the PBX proteins.
Cell extracts or purified UEF3 were separated by a 10% SDS-PAGE and the proteins were blotted onto PVDF membrane in a semidry blotting apparatus. Immunoblotting with Prep1 antisera (1:10 000 dilution) or PBX antibodies (1:1000 dilution) was carried out using the BM Chemoluminoscent Kit (Boehringer Mannheim) according to the supplier's manual.
Immunoprecipitation
Proteins produced in vitro were immunoprecipitated by resuspending 3 μl of translation lysate in 200 μl of NET buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 2% Gelatine, 0.1% NP-40), 20 μg of anti-Prep1 IgG or 5 μg αPbx1 antibodies were added and the mixture was incubated on ice for 1 h. Immunocomplexes were precipitated by the addition of 5 μl (bed volume) of protein A-Sepharose (Pharmacia Biosystems), and rotating for 1 h. The resin was recovered by brief centrifugation, and washed three times with 200 μl of NET600 (NET buffer containing 600 mM NaCl) for 20 min each wash and once in TENP (10 mM TrisCl, pH 7.5, 1 mM EDTA, 0.1% NP-40). The resin was finally resuspended in 10 μl of 2ϫ SDS loading buffer (100 mM Tris-Cl pH 6.8, 100 mM DTT, 4% SDS, 20% glycerol) and boiled for 5 min. A quantity (10 μl) was separated using 10% SDS-PAGE, after which the gel was fixed (10% HAc, 10% methanol), soaked in Amplify (Amersham), dried and exposed to Kodak X-OMAT at -80°C.
EMSA
EMSAs were carried out essentially as described by Berthelsen et al. (1996) . Briefly, 10 μg of nuclear extract, 30 μg of cytoplasmic extract or 2 μl of in vitro translation lysate were incubated with 2 μg of poly(dIdC) in 9 μl of H2K150 [25 mM HEPES pH 7.9, 20% glycerol (v/v), 150 mM KCl, 0.2 mM EDTA, 1 mM MgCl 2 , 1 mM DTT, 0.5 mM PMSF, 1 mM Na 2 S 2 O 5 ] on ice for 10 min. We then added 20 000 c.p.m. 32 P-labelled oligonucleotide together with the eventual cold competitor oligonucleotide or antibody and the mixture was left at room temperature for 20 min. The reactions were separated by a 5% PAGE in 0.5ϫTBE. The TGACAG-sequence containing oligonucleotide o-1 CACCTGAGAGTGACAGAAGGAAGGCAGGGAG and the mutated o-1m CACCTGAGATTCACAGAAGGAAGGCAGGGAG were used as binding sites (Berthelsen et al., 1996) .
In vitro transcription/translation
For use in in vitro transcription/translation reactions, the Prep1 cDNA was inserted into the EcoRI site of pBluescript SK, downstream of the T7 promoter. The Pbx cDNA constructs (pSG-Pbx) were under the control of the T7 promoter of the pSG5 plasmid (Di Rocco et al., 1997) . The Meis1 cDNA (kindly provided by Dr N.Copeland) was inserted into pBluescript SK as a BamHI-Not1 fragment, downstream of the T7 promoter. The cDNA plasmid constructs were transcribed and translated in vitro using the TNT coupled transcription-translation reticulocyte lysate (Promega) according to the manufacturer's instructions, using T7 polymerase and 35 S-methionine (Amersham). Plasmids were added either alone, or co-translated by mixing equimolar amounts of the two plasmids. Translation products were always analysed by SDS-PAGE followed by exposure to a Kodak X-OMAT film.
Accession number
Prep1 DDBJ/EMBL/GenBank database accession number: Y13613.
